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Chapter 1: General 
1.1 Introduction 
IntermetaUic compounds are a class of materials that are often characterized by low density, 
good oxidation resistance, attractive high temperature mechanical properties, as well as good 
electrical and magnetic properties. However, few practical uses have emerged due to the 
inherent brittleness of these materials at room temperature, making them difficult to 
fabricate. Often the ductility of intermetaUic s can be increased by making them off-
stoichiometry or by doping them with third element additions. However, a subset of binary 
B2 intermetaUic s consisting of one rare earth metal and one non-rare earth metal have been 
discovered to exhibit extensive ductility without the need for such special conditions. Two 
of these compounds, YMg and CeMg, were characterized in this study. Mechanical 
properties were examined by performing tensile, compression, and microhardness tests. 
Scanning electron microscopy (SEM) was utilized to analyze these samples. The oxidation 
properties of both compounds were also studied. Thermal gravimetric analysis (TGA) was 
employed to obtain oxidation curves that were then fit to kinetic rate laws. Finally, the 
oxidation behaviors of YMg and CeMg were analyzed using energy dispersive spectroscopy 
(EDS) and x-ray diffraction (XRD) to determine the reaction progression of the oxidation 
process. 
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1.2 Thesis Organization 
The remainder of Chapter 1 provides background information on three main topics. First is a 
discussion about the basic structure and composition of binary B2 intermetaUic compounds. 
Second, the mechanical properties of intermetaUic s are examined, starting with the cause for 
the typically inherent brittleness observed in B2 intermetaUic s. A number of B2 compounds 
have been found to possess an abnormal level of ductility compared to other intermetaUic s in 
this class, including a handful of other rare earth-non-rare earth (RM) B2 line compounds, 
and these findings are also discussed. Finally, oxidation studies of rare earth metals, 
focusing on yttrium and cerium, as well as magnesium and some B2 materials are discussed. 
Chapter 2 is an in-depth look into certain aspects of the laboratory work done during this 
study. The many challenges and difficulties encountered required that a variety of laboratory 
techniques be attempted in the making, processing, and testing of these two intermetaUic 
materials. 
The results and ensuing discussion for the mechanical testing that was performed are found 
in Chapter 3. Tensile and compression testing results for YMg are shown first, followed by 
those for CeMg. Some samples were made using electrical discharge machining (EDM) 
while others were polished into the desired shape. A scanning electron microscope (SEM) 
was utilized to inspect surfaces of the tensile and compression samples. Hardness values and 
attempts to determine fracture toughness are also recorded before beginning the discussion. 
Chapter 4 follows the same basic format for the oxidation study portion of the research. 
Oxidation curves for CeMg are followed by a qualitative chemical analysis using energy 
dispersive spectroscopy (EDS). The YMg oxidation curves are shown next followed by an 
x-ray diffraction (XRD) analysis of the oxidation process for this material and a discussion of 
the results. 
Chapter 5 is a summary of the research performed in the mechanical and oxidation studies. 
An possible explanation for the observed behaviors of these RMg B2 intermetaUic s is 
discussed as possible motivation for future work to be done with these materials. 
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1.3 Background and Literature Review 
1.3.1 Binary B2 Materials 
1.3.1.1 Structure of binary B2 compounds 
The B2 label used to classify the intermetaUic 
compounds tested during this research is the 
designation given to materials that have a CsCl-
type crystal structure. This type of lattice is 
derived from the body-centered cubic (BCC) 
structure but is in fact simple cubic because two 
different elements occupy the atomic sites in 
the crystal lattice. The two elements form 
interpenetrating simple cubic lattices that result 
in a unit cell resembling that of a BCC crystal 
structure. The anions (more electronegative 
atoms) are designated as being located at the 
corners of the unit cell, while the cations (more electropositive atoms) are located in the 
center of the unit cell [1]. In this way, the interpenetrating simple cubic lattices produce a 
CsCl-type crystal structure, illustrated in Fig. 1.1. When atoms of two or more metals are 
combined to form these ordered intermetaUic materials, the bonding changes from that seen 
in pure metals and becomes partly metallic, partly covalent, and partly ionic in nature [2]. 
1.3.1.2 Composition of binary B2 compounds 
There are tendencies regarding the formation of B2 intermetaUic phases, as not just any two 
metals will combine into a CsCl-type structure. As Dwight [3] reports, there were 169 
identified B2 intermetaUic compounds as of 1967, but not all metals had been observed to 
take part in this class of materials. In fact, the Group 6 elements - Cr, Mo, and W - were not 
known to take part in the formation of a single B2-type phase. As of 1997, there were 461 
known B2 line compound intermetallics, and the Group 6 elements were still not known to be 
lCs+ 
Figure 1.1 [1]. CsCl-type crystal structure. 
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part of any binary B2 compound [4], Using this knowledge, Dwight [3] divided the periodic 
table into two parts: A elements are located to the left of Group 6, and B elements are located 
to the right of Group 6. These designations are shown in the radial periodic table shown in 
Fig. 1.2. This illustration shows that the rare earths are A elements; however, beryllium and 
magnesium are treated as being located above zinc in the periodic table and are therefore 
grouped with the B elements. Even so, magnesium will act as both an A and a B element. 
When combined with the rare earths, it serves as the B element (e.g. YMg and CeMg), but in 
the following series - MgHg, CaHg, SrHg, BaHg - it acts as an A element. All of the binary 
B2 intermetaUic phases are combinations that take the form of AB or B B . It was also noted 
by Dwight [5] that an A element far to the left of Group 6 will have a higher tendency to 
form a B2 compound with a B element far to the right of Group 6 (e.g. BaZn). Conversely, 
elements relatively close to the Group 6 dividing line are more likely to form B2 compounds 
with opposite partners that are also relatively close to the Group 6 divider (e.g. NbRu). 
RADIAL PERIODIC TABLE 
Fig. 1.2 [3], A and B elements in the periodic table for binary B2 intermetallics. 
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Dwight [3] also examined what, if any, influence the relative atomic sizes of the two metals 
had on the ability to form B2 compounds. A distribution plot based on the ratio of the eight­
fold coordination atomic radii was created and is shown in Fig. 1.3. Although a clear peak in 
the occurrence of these B2 compounds is seen from radii ratios of 1.06-1.26, it was 
concluded by Dwight that based on the broad span over which these CsCl-type phases have 
been found, relative atomic size was not a major factor in determining whether or not a B2 
compound would exist for a given binary system. 
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Fig. 1.3 [3]. Distribution of CsCl-type compounds with respect to relative radii ratio. 
It should be noted that not all of the binary B2 compounds composed of two metallic 
elements are true stoichiometric intermetallics. Many of these materials are line compounds 
that form only in a precise 50:50 stoichiometric ratio, but others are represented by phase 
fields that allow for deviations from this exact composition. These non-line compound 
phases will still form in the B2 structure, but the CsCl-lattice will form off-stoichiometry. 
The ability of a B2 phase to have a compositional range is accommodated by atoms being 
located on incorrect lattice sites and a large number of vacancies, resulting in a structure that 
is not fully-ordered. These non-line compound materials are still intermetallics because of 
the preferred ordering and the non-metallic bonding character. However, almost all of the 
binary B2 intermetallics composed of rare earth metals are fully-ordered, forming as a line 
compound only at a 1:1 atomic ratio. One of the exceptions is YMg, which can be yttrium-
deficient by up to about two atomic percent at high temperatures. 
"n nf Ml ...n f lnl in  n 
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1.3.2 Mechanical Properties of B2 Compounds 
1.3.2.1 Inherent brittleness in B2 compounds 
Unlike a majority of pure metal crystal structures, the structure of intermetallics does not 
permit for any sizable amount of ductility. To examine this dissimilarity, the structure of 
binary B2 compounds will be compared with that of BCC metals. It is known according to 
the von Mises criterion that for plastic flow to occur in polycrystalline materials, five 
independent slip systems should be available for dislocations to utilize. BCC metals possess 
the five independent slip systems required for polycrystalline plasticity to occur. The 
primary slip direction in BCC metals is the (111) direction, which is the cube diagonal. 
However, if a binary B2 compound slips along this crystallographic direction, the normal 
111) Burgers vector will result in atoms of the same element being juxtaposed to each 
other. This results in a planar defect in the previously well-ordered structure known as an 
anti-phase boundary (APB) [2], This phenomenon is shown in Fig. 1.4. 
Fig. 1.4 [2]. ( a )  Perfectly ordered B2 intermetaUic lattice, ( b )  Anti-phase boundary present after a dislocation 
with Burgers vector j/^111^ has shifted the crystal along the {o 11] slip plane. 
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Although dislocation motion through intermetallics can result in anti-phase boundaries, their 
formation is not as conducive to plastic flow as is typical dislocation motion through pure 
metals. The planar defect in the ordering of the intermetaUic shown in Fig. 1.4b is a high-
energy interface. One way for the APB to be removed is for a dislocation located on the 
opposite side of the same slip plane moving in the same direction to pass through the same 
region of the crystal. The second method for returning the crystal to its lower-energy state is 
for the original dislocation to have a Burgers vector twice a long as the initial (T11) vector. 
The ability of this new dislocation, with a Burgers vector of (Til), to move in such large 
increments is also not energetically favorable. Therefore, rather than having a single 
dislocation operating with the large Burgers vector, two dislocations form nearby each other, 
creating a superdislocation, and move in concert with each other along the same plane, 
producing an APB area between them [2]. 
The strain energy associated with these superdislocations is still large, and it is difficult for 
these to form and move through the crystal. The energy associated with a j^(Tll){llO] APB 
in B2 compounds like NiAl is large enough at room temperature that it precludes any 
substantial slip from occurring in the (111) direction. This causes NiAl to have only three 
active independent slip systems at room temperature. This lack of dislocation mobility in 
CsCl-type intermetallics along the (111) direction, the primary slip direction in BCC metals, 
makes these materials more resistant to plastic deformation. Some of these B2 compounds, 
like CuZn, have been observed to have j^Tll){llO] slip occur at room temperature, giving 
them polycrystalline ductility [2]. However, CuZn is a not a line compound phase, and it is 
likely that this observed slip is aided by copper atoms located on zinc sites and vice versa. 
The low ordering energy is likely due to their similar atomic sizes and electronegativities, 
and this thereby decreases the APB energy due to not having a fully-ordered structure. 
1.3.2.2 Observed ductility in B2 compounds 
A number of B2 compounds have been studied to date regarding their mechanical properties. 
One such material, as mentioned above, is /?-NiAl. Rozner and Wasilewski [6] were the first 
8 
to report any appreciable ductility (-2%) in stoichiometric polycrystalline NiAl at room 
temperature. These results were duplicated by Vedula et al. [7] in a study in which a number 
of compositions were tested. The four compositions used were tested at temperatures 
ranging from room temperature to 600°C, and the tensile test results are shown in Fig. 1.5. 
These stress-strain plots show that at room temperature, the nominally stoichiometric 
material (50.3at.% Al) had ductility of about 2.5%. As would be expected, the tensile strain 
increased as the temperature was raised. However, the other three compositions showed no 
appreciable ductility at the two lower temperatures, and it appears from the results at the 
elevated temperatures that the brittleness increased as the composition diverged from the 1:1 
atomic ratio. The fracture surfaces of the stoichiometric samples became increasingly 
transgranular and dimpled as the temperature was increased. 
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Fig. 1.5 [7], Tensile test results for compositions of /?-NiAl tested from room temperature to 600°C. 
The difference in deformation behavior between NiAl and FeAl was examined by Fu and 
Yoo [8]. Unlike NiAl, FeAl exhibits slip along the (111) direction at low temperatures, and 
does so in both the {l 10} and {l 12) slip planes. The calculations performed by Fu and Yoo 
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corroborate these observations. Calculations determining the ll) APB energies of both 
compounds found the (Tll){llOj APB energy of NiAl to be more than twice that of FeAl, and 
in turn determined the partial dislocation separation associated with the APB 
superdislocation in FeAl to be more than five times that in NiAl. The APB widths for edge 
dislocations were calculated to be 5.3lnm for FeAl and 1.06nm for NiAl. These contrasts 
were attributed to the differences in bonding that the aluminum atoms experience between 
the nickel and iron atoms. This was partially attributed to the stronger atomic ordering that 
occurs in NiAl, which makes the structure of NiAl more like that of the fully-ordered rare 
earth B2 materials. 
A third B2 compound that has been analyzed is CoZr. Unlike NiAl and FeAl, CoZr is a true 
intermetaUic line compound, and is therefore more analogous to the rare earth B2 
compounds. Tensile tests were performed on CoZr by Yamaguchi et al. [9] in air and under 
vacuum, and tensile elongations under both conditions surpassed 7.5% strain. The fracture 
surfaces showed both transgranular and intergranular fracture, and the fracture surface from a 
sample tested in air is shown in an SEM image in Fig. 1.6. TEM analysis determined that the 
dislocation motion in these samples was mainly in the (001) direction. Given this finding, 
substantial room temperature ductility would not be expected, but the tensile testing did not 
confirm this. One possible 
reason for the CoZr samples 
exhibiting such good ductility 
suggested by Yamaguchi et al. 
was that dispersions of a Co^Zr 
phase, confirmed to be present 
by x-ray diffraction, caused the 
introduction of additional 
mobile dislocations into the 
material at the matrix-
dispersion interfaces. 
Figure 1.6 [9]. CoZr facture from tensile specimen tested in air. 
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1.3.2.3 Environmental embrittlement in polycrystalline B2 compounds 
Although the ductility of the CoZr B2 compound studied by Yamaguchi et al. [9] was not 
found to decrease appreciably when tested in air instead of under vacuum, environmental 
embrittlement has been found to be a major problem for other intermetaUic materials. Many 
compounds first thought to be intrinsically brittle, including FeAl, were later found to have 
intrinsic ductility that had been obscured by environmental embrittlement. The brittle 
behavior of FeAl was first discovered to be due to hydrogen embrittlement by Liu et al. [10], 
but this behavior in B2 compounds has since been extensively studied. 
The environmental embrittlement suffered by intermetallics was summarized by Cahn [11]. 
Moisture in the air partially reacts with the intermetaUic, releasing atomic hydrogen as a 
byproduct. It has been observed that single crystals of a given compound are less brittle than 
polycrystalline sample, and it was found that the hydrogen easily diffuses from the surface to 
the grain boundaries of the polycrystalline samples. This mechanism of embrittlement has 
been found to adversely affect aluminides and silicides, specifically. In a study by Cohron et 
al. [12], NigAl was tested in ultra-pure hydrogen, and it was discovered that when using a 
pressure gauge that employed a hot tungsten filament, some of the hydrogen dissociated, 
creating the same brittle effect experience by NigAl under ambient conditions. However, 
Lahrman [13] found that no such environment embrittlement was responsible for the low 
ductility seen in the stoichiometric NiAl B2 phase. 
1.3.2.4 Observed ductility in rare earth B2 intermetallics 
Many B2 compounds have been observed to experience plastic deformation at room 
temperature, but unlike CoZr, most achieve this room temperature ductility by testing in 
zero-moisture atmospheres, using samples that deviate from exact stoichiometry, and adding 
dopant impurities. Beginning with a study by Gschneidner et al. [14], a class of fully-
ordered ductile intermetaUic B2 materials has been discovered, and these materials are 
composed of one rare earth metal and one non-rare earth metal. These line compounds do 
not deviate from ideal stoichiometry, and testing has been conducted under ambient 
atmospheric conditions without the use of third element impurities. 
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This preliminary study of these rare earth B2 intermetallics by Gschneidner et al. [14] 
focused on three of the initial twelve compounds found to exhibit room temperature ductility. 
Polycrystalline tensile samples of YAg and YCu were tested, and stress-strain results for 
YAg and YCu are shown in Fig. 1.7 in comparison to aluminum. The 23% elongation 
experienced by YAg is extraordinary for a fully-ordered intermetaUic compound. To verify 
that the large tensile elongations were indicative of high toughness, fracture-toughness tests 
were performed on samples of DyCu. The fracture-toughness values obtained for DyCu 
were similar to those for commercial aircraft aluminum alloys. Single crystal YCu and YAg 
tensile specimens were also tested, and dislocation motion was observed to occur only in the 
(010) direction. These results seemed to be in disagreement with the large elongations seen in 
Fig. 1.7, particularly by YAg. However, the dislocations in YAg TEM samples had 
dislocation motion occur primarily in the (l 11) direction, proving that these materials do have 
the opportunity for plastic deformation to occur along multiple slip systems, which is 
significant for intermetaUic line compounds. 
200 
YCU 
0 
0 0.05 0.1 0.15 0.2 0.25 
Strain 
Fig. 1.7 [14]. Stress-strain curves for polycrystalline YAg and YCu in comparison to pure Al. 
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Tensile Axis 
Further analysis of the mechanical properties of single crystal YAg was continued by Russell 
et al. [15]. This study resulted in similar findings, determining that during tensile tests, only 
the (010) direction is active during plastic deformation of the material. Figure 1.8 is a 
micrograph showing (lio) and (lio) slip planes on the major face of one of the YAg tensile 
TEM analysis, as 
the previous study [14], showed 
most dislocation motion to occur in 
. . >' • .. ; 
the (ill) direction, and although 
the anti-phase boundary energy 
associated with the -*Z(lll) / / 1 N  '  /  -  a n  w t  ,  j r *  •  * '  .  p e B f i f  
Burgers vector in YAg was ^ 
calculated to be less than that for ' 
was clear why the , 
tensile and TEM samples exhibit 
,. „ . ,. Figure 1.8 [15]. Major face of YAg single crystal tensile sample, different primary slip systems. 
Another subsequent study by Zhang et al. [16] examined further the fracture toughness of 
polycrystalline YAg, YCu, and DyCu. Although a number of other B2 compounds, 
Bincluding FeAl, have exhibited high fracture toughness values, these tests were always conducted using single crystals, off-stoichiometry samples, or zero-moisture atmospheres. The authors were unaware of any stoichiometric, polycrystalline B2 intermetaUic compounds tested under ambient atmospheric 
Figure 1.9 [16]. YAg fracture surface from fracture toughness test. conditions at room temperature 
that had Kic values greater than 10MPa-m1/2. The fracture toughness K/c values for YAg, 
13 
YCu, and DyCu were found to be 19.1, 12.0, and 25.5MPa-m1/2, respectively. The fracture 
surface of a fracture toughness YAg sample is shown in Fig. 1.9. The image shows an 
absence of intergranular fracture, which would help to increase the KiC values. In 
combination with the tensile test results from previous studies [14] [15], it is clear that this 
class of B2 intermetallics reacts in a fundamentally different manner to stress than other 
fully-ordered B2 compounds. It was hypothesized from these results that three factors may 
contribute to this unique behavior. These rare earth B2 compounds may have active slip 
systems during plastic deformation that include the (lOO), (lio), and (ill) directions. However, 
all three slip directions have yet to be observed as active in a single sample. The fine grain 
sizes observed in the samples used in this study could also supplement the observed ductility. 
Finally, the rare earth elements may counteract the environmental embrittlement observed in 
other B2 intermetallics through the formation of rare earth oxides or hydrides, making the 
grain boundaries in these materials more akin to those of a pure metal. 
In a fourth study of rare earth B2 materials by Russell et al. [17], compression tests were 
performed on single crystals of YCu. The compression samples were oriented so that there 
was no resolved shear stress on (100) slip directions. The results of the compressive tests are 
shown in Fig. 1.10. The serrations seen in the stress-strain curves are representative of 
discontinuous yielding. Each time a 
drop in stress occurred, a distinctive 
sound much like that that accompanies 
twinning in tensile samples was heard. 
Although it could not be proved 
conclusively, using DSC to examine 
thermal events in compressed and 
uncompressed YCu, it was proposed 
that a stress-induced phase 
transformation to the orthorhombic 
B27 phase may have occurred during 
testing, resulting in the deformation. 
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Figure 1.10 [17]. Compression tests from single crystal YCu. 
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1.3.3 Oxidation Properties 
The oxidation behaviors of pure metals have been comprehensively studied, as have the 
structures of the consequent oxides. These studies have found metals to exhibit a wide range 
of oxidation characteristics, because the extent of the oxidation and the rate at which a metal 
reacts with oxygen is dependent upon a number of factors. The oxidation of intermetaUic 
compounds has also been analyzed, and these highly-ordered materials generally display 
different oxidation properties than the pure metallic elements of which they are composed. 
1.3.3.1 General rare-earth oxidation observations 
The rare earth elements are readily-oxidizing metals, with all seventeen rare earths forming 
R2O3 sesquioxides. A study performed by Love and Kleber [18] tested the oxidation 
characteristics of twelve of these metals, excluding Se, Pm, Eu, Tm, and Lu from the study. 
A number of the metals showed relatively good oxidation resistance at low temperatures 
(below 100°C), even in relatively humid environments. However, in general, this resistance 
to oxidation decreased drastically as the temperature was increased, even though dry air was 
used at these elevated temperatures. A prevailing trend of this study was that the heavier rare 
earths along with yttrium were the most resistant to oxidation, while the lighter elements 
were less oxidation resistant. Generally, those rare earths heavier than terbium, plus 
scandium and yttrium, can be stored indefinitely under atmospheric conditions with the 
formation of only a thin oxide layer occurring, while the lighter rare earths are much more 
reactive [19]. 
Although Love and Kleber [18] did show a general trend of greater oxidation resistance with 
increasing atomic number, not all of the rare earths conformed to this trend. In the humid 
conditions used at the lower temperatures, lanthanum, the lightest of the period six rare 
earths, was the most readily-oxidized of those tested. However, as the temperature was 
increased, the three metals that showed the greatest oxidation rates were cerium, 
praseodymium, and terbium. Meanwhile, samarium showed the greatest stability, exhibiting 
a low parabolic oxidation rate even at 600°C. The oxidation results from this study are 
shown in Fig. 1.11. 
Unit Weight Increase, mg/sq dn Unit Weight Increase, mg/sq dm 
Unit Weight Increase, mg/sq dm 
Unit Weight Increase, mg/sq dm 
Unit Weight Increase,mg/sq dn 
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Greene and Hodge [20] also studied the oxidation of the rare earths, excluding promethium 
and scandium. The tests were conducted using dry air for periods ranging from 8-12 hours, 
and varied temperatures ranges were used for each metal, using temperatures from 100-
800°C. Eight of the rare earths studied - La, Pr, Nd, Sm, Eu, Gd, Dy, and Lu - were found 
to exhibit parabolic oxidation rate laws over the entire temperature range used for each metal, 
and purely linear oxidation was found to occur in four of the metals - Ho, Er, Tm, and Yb. 
Typically, oxidation rate laws change with increasing temperature in the order of parabolic, 
paralinear, linear, and finally catastrophic. Cerium and terbium both exhibited this 
progression within the employed temperature ranges. Yttrium, however, was found to have 
unique oxidation behavior, oxidizing linearly at lower temperatures followed by parabolic 
and cubic oxidation behavior as the temperature was increased. 
1.3.3.2 Oxidation of yttrium metal 
The high-temperature oxidation of yttrium in air was examined by Carlson et al. [21] and 
provided interesting results. Weight gain measurements were carried out on samples tested 
for 24 hours at constant temperature, ranging from 450-925°C. Oxidation of the yttrium was 
found to occur slowly at the lower temperatures in a near-linear manner with only a thin 
adherent oxide layer forming. As the temperature was increased, the oxidation rate also 
increased, and the oxide became non-adherent and porous. However, the oxidation behavior 
deviated from its near-linear rate with the rise in temperature and became more complex. 
The yttrium used in this study was about 99.2% pure, and further examination by Haefling et 
al. [22] found that yttrium of higher purity had greater oxidation resistance. 
Borchard! [23] examined the oxidation of yttrium in air from approximately 500-1400°C, 
analyzing in detail the runs at 900°C and 1400°C. Results showed that even at 1400°C, the 
oxide layer was adherent and protective after two hours, as seen from the raw data for this 
run in Fig. 1.12. This oxidation curve cannot be fit to a parabolic rate law, and Borchard! 
concluded that this behavior was due to two competing processes that were taking place. 
Yttrium has a relatively high solubility for oxygen, and B orchard! contends that initially, this 
dissolution reaction dominates because the solution rate exceeds the oxidation rate. Almost 
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all of the initial weight gain that is observed is therefore due to oxygen dissolving into the 
metal. As saturation of the metal is approached, the oxidation process takes over, resulting in 
parabolic oxidation behavior. The combination of these two processes results in an oxidation 
curve that appears cubic in nature and can only be fit to a rate law using an exponent greater 
than two. 
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Figure 1.12 [23]. Raw data for yttrium oxidation at 1400°C in static air. 
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Figure 1.13 [22]. Oxidation behavior of yttrium in air. 
The subsequent study by Haefling et al. [22] 
found that over the same temperature range 
(500-1400°C) and longer holding times, the 
oxide coating that formed on yttrium did 
eventually lose its protective quality. 
However, this only occurred at the higher 
temperatures, as shown in Fig. 1.13. For 
those samples tested at the lower 
temperatures, the cubic oxidation rate 
behavior observed by Borchard! [23] is 
witnessed. These two studies seem to agree 
with the results discussed above from 
Greene and Hodge [20] in which lower 
temperatures and shorter times were used. 
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1.3.3.3 Oxidation of cerium metal 
The oxidation of cerium was investigated by Loriers in a series of studies. Loriers [24] first 
studied how the oxidation behaviors of cerium and lanthanum changed with increasing 
temperature. It was found that when cerium was heated in pure oxygen, the oxidation 
process proceeded typically until about 300°C. However, around 320°C, the oxidation rate 
increased rapidly, and the cerium ignited. By contrast, lanthanum did not exhibit this type of 
catastrophic oxidation, even when heated to its melting point. Loriers proposed this contrast 
in oxidation behavior was due to lanthanum forming only LaaOg, while cerium reacts to form 
both CezOg and CeOo, the latter of which in non-protective and leaves the surface exposed. 
In a subsequent study, Courtel and Loriers [25] used electron diffraction to find that cerium 
initially oxidizes to form CeaOs, and this oxide reacts further to form CeOa. 
In a third study, Loriers [26] discovered that the oxidation behavior of cerium differed above 
and below 40°C in pure oxygen. This contrast in behavior is shown in Fig. 1.14. Below 
40°C, represented by the 20°C curve, cerium exhibited parabolic oxidation. Above 40°C, 
represented by the 60°C curve, the oxidation was initially parabolic, but quickly changed to a 
linear reaction. Loriers proposed that below 40°C only the protective CeoOs forms, which 
inhibits the oxidation process. Above 40°C, however, Loriers proposed that the oxidation 
progresses beyond the formation of „60oC 
CeaOg, with the oxidation becoming 
linear due to the initial oxide reacting 
further to form CeCK This 
conclusion is supported by the fact 
that the 60°C curve cannot be 
explained by the direct oxidation of 
cerium to CeOz. As mentioned 
above, this paralinear oxidation of pigure 1,14 [26] .  Oxidation behavior of cerium in oxygen. 
1.20 
20°C 
Jours 
cerium was also observed by Greene 
and Hodge [20]. 
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In the study by Love and Kleber [18], cerium had the highest oxidation rate, followed by 
praseodymium and terbium. Loriers' conclusion is supported by these results, as these three 
are the least oxidation resistant of the rare earths and are the only ones that form higher 
oxides than R2O3 during oxidation. As reported by Marsh [27], praseodymium forms Pr6On 
and terbium forms TbztO?, both of which are mixtures of RO2 and R2O3 oxides. 
Cubicciotti [28] obtained similar results to those of Loriers [26], observing parabolic 
oxidation that became linear with time only above a certain temperature. The activation 
energies of the parabolic and linear reactions were determined to be very similar, and it was 
concluded that this may indicate that the rate-limiting step for both oxidation processes is 
diffusion through the oxide layer. Cubicciotti hypothesized that while diffusion occurs 
through an adherent growing oxide layer during the parabolic process, the linear oxidation 
behavior is due to diffusion through an oxide layer of constant thickness. Therefore, any 
additional oxide that forms once this maximum thickness is obtained is porous or non­
adherent and could be due to a change in oxide structure. The oxidation mechanisms 
proposed by Loriers and Cubicciotti may work in combination with each other, but Loriers' 
model is supported by the electron diffraction results. 
1.3.3.4 Oxidation of magnesium metal 
An analysis of the oxide layer that forms on magnesium was studied by Preston and 
Bircumshaw [29] by using electron diffraction. Samples tested at 400°C were found to 
consist of crystalline MgO, but diffraction spectra collected from samples tested at lower 
temperatures were inconclusive. A subsequent electron diffraction study conducted by de 
Brouckère [30] gave similar results. For samples tested in air below 200°C, the faintness of 
the diffraction rings was concluded to be due to the amorphous structure of the MgO coating, 
while those tested above 200°C formed crystalline MgO. 
The kinetics associated with the oxidation of magnesium have also been studied. Leontis and 
Rhines [31] found that while oxidation in air at room temperature resulted in a protective 
oxide layer, the oxidation behavior changed when elevated temperatures were used. The 
oxidation of magnesium in dry air between 500°C and 600°C is shown with two sets of data 
20 
in Fig. 1.15. It should be noted that while these data curves are essentially linear, there is a 
period at the beginning of each run in which very little weight gain is detected. It was 
concluded that even at the elevated temperatures, the initial magnesium oxide that formed 
was partially protective, probably until a certain thickness was attained. The oxide seems to 
lose its partially-protective quality when pure oxygen is used, as seen in Fig. 1.16, although 
the linear rate law is maintained. 
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Fig. 1.15 [31]. Oxidation behavior of magnesium in dry air. 
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Fig. 1.16 [31]. Oxidation behavior of magnesium in pure oxygen. 
21 
When the results from Leontis and Rhines [31] are considered in conjunction with those from 
the previously discussed studies [29] [30], it seems possible that, even at higher temperatures, 
the oxide that initially forms in air is amorphous. The amorphously-structured oxide may be 
protective of the underlying metal, but crystalline MgO begins to form once a certain 
thickness is reached, leading to the observed linear oxidation. 
1.3.3.5 Oxidation properties ofB2 compounds 
The oxidation behaviors of materials with ordered structures of more than one metallic 
element have also been studied. Although many different stoichiometrics have been 
examined, one B2 compound that has been studied is /?-NiAl. Isern and Castro [32] found 
that the aluminum oxidized to form a thin-film layer of AI2O3, but found no evidence of any 
interaction between oxygen and nickel. Subsequent analysis by Jaeger et al. [33] determined 
the alumina layer to be well-ordered and only 5Â thick, and further examination of the oxide 
structure by Kresse et al. [34] revealed a slightly deviated stoichiometry of AI10O13. 
The oxidation behavior of a second B2 compound, y-TiAl, has also been studied. Maurice et 
al. [35] examined the oxidation behavior at 650°C. Similar to the above studies [32] [33], 
the initial reaction involved the selective oxidation of aluminum. Once enough alumina had 
formed to give the underlying material a stoichiometry of approximately Ti^Al^ (TigAl-
phase), simultaneous oxidation of both elements began. It seemed that in Ti3Al, the titanium 
activity became competitive with that of the aluminum. Also, improved structural ordering 
of the intermetallic phase was found to make the material more resistant to oxidation. 
1.3.4 Oxidation Kinetic Rate Laws 
As described above, materials oxidize at different rates according to different rate laws. 
Parabolic and linear oxidations are governed by the following kinetic rate laws. 
parabolic: x2 = k t, linear: x = k,t ; where: k = cexp(- Q/RT) 
In these equations, x is the weight gain per unit surface area, kp and ki are the parabolic and 
linear rate constants, t is time, c is a pre-exponential constant, Q is the activation energy for 
the oxidation process, R is the gas constant, and T is absolute temperature. 
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1.4 Experimental Procedures 
Within this section, the experimental procedures used to make and test samples are explained 
in detail. Throughout the research process, parameters used in many of these procedures and 
techniques were altered based on previous outcomes in an attempt to provide improved 
samples and results. The procedures described within this section are those that were found 
to be best suited for making and testing these materials. Early techniques and the difficulties 
experienced with each are described in subsequent chapters. 
1.4.1 Sample Preparation 
1.4.1.1 Raw materials acquisition 
To form these intermetallic compounds, the pure metals needed to be melted together in the 
correct ratios. The rare earth metals used in this research were obtained from the Materials 
Preparation Center (MPC) of Ames Laboratory (cerium and yttrium) and from Metall Rare 
Earth Limited (yttrium), a company located in China. The magnesium was purchased from 
outside vendors through Ames Laboratory. 
1.4.1.2 Melting in induction furnace 
Other rare earth-based B2 intermetallic s (RM) studied by the current Ames Laboratory B2 
research group can be melted in an arc-melter, but because of the high vapor pressure of 
magnesium, neither of the two compounds worked with for this study could by formed in an 
arc-melter. Instead, the metals were melted together in an induction furnace. To combine 
the correct amounts of each metal for a given sample, their molar masses were used to 
convert the one-to-one atomic ratios into mass ratios. After the two metals to be used were 
weighed in the appropriate amounts, the material was placed inside an alumina crucible. 
Prior to preparing the correct amounts of each metal for a given sample, a tantalum can was 
made to hold the alumina crucible. A piece of tantalum sheet was cut to an appropriate 
length, rolled, and welded to form a cylinder; two end pieces were also cut from tantalum 
sheet. After using an arc-welder back-filled with helium to weld one of the end pieces to the 
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piping, the open can and the second end piece were placed inside of an induction furnace and 
outgassed under high vacuum. The tantalum was heated to 1800°C, held for one hour, and 
furnace-cooled. After removing the tantalum from the furnace, the pure metals were 
prepared and placed into the alumina crucible. The crucible was then put inside the tantalum 
can and placed into the arc-welder, where the second end piece was welded to the can in 
order to seal the metals inside of the tantalum with a helium pressure of just under one 
atmosphere. 
Once sealed inside the tantalum can, the metals were ready to be melted together to form the 
intermetallic. The tantalum can was placed inside an induction furnace which was then 
pumped down under high vacuum. The heat treatments used to make the two intermetallic s 
in the induction furnace were different due to the differing melting temperatures of yttrium 
and cerium and the different invariant temperatures associated with the YMg and CeMg 
phase diagrams, shown in Fig. 1.17 and Fig. 1.18, respectively. The heating steps employed 
to form the YMg and CeMg samples are shown in Fig. 1.19. 
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Fig. 1.17. YMg phase diagram. 
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1. heat to 675°C 1. heat to 825°C 
2. hold for 30 minutes 2. hold for 1 hour 
3. heat to 950°C 3. coolto750°C 
4. hold for 1.5 hours 4. slow cool to 650°C 
5. slow cool to 900°C 5. hold for 1.5 hours 
6. hold for 1 hour 6. slow cool to 550°C 
7. slow cool to 730°C 7. hold for 1.5 hours 
8. hold for 2 hours 8. slow cool to 475°C 
9. furnace cool 9. hold for one hour 
10. furnace cool 
* slow cools done at ~2°C/min 
Fig. 1.19. Heating programs for induction furnace. 
1.4.1.3 Sample removal from alumina crucible 
The bonding that occurred between the intermetallic material and the alumina crucible was 
minimal, which made removing the material from the crucible fairly easy. The first step in 
preparing the samples for any of the laboratory testing to be done was to cut the solidified 
material into discs, and this was done using a slow-speed diamond saw. The saw was used to 
cut through both the intermetallic material and the alumina crucible to make discs of varying 
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thicknesses for different samples. Once a disc was cut, it was easily removed from the 
alumina ring. The discs were then cleansed of the oil used during the cutting process by 
immersing the material in acetone and utilizing an ultrasonic cleaner. 
1.4.2 X-Ray Diffraction Analysis 
1.4.2.1 Bulk diffraction analysis 
During the solidification process in the induction furnace, each sample formed a meniscus 
inside the alumina crucible, and after cutting, this top section of the sample was analyzed by 
x-ray diffraction. Bulk diffraction analysis was always performed before any other work was 
done with the sample to ensure that the material was the B2 intermetallic and had no 
discernible second phases present. A portion of this top section of a given sample was 
manually polished using 600-grit paper, and the piece of material was then placed into the x-
ray diffractometer. For these bulk analyses, the diffraction was measured over a two-theta 
range of 20°-90° using a step interval of 0.020° and a count time at each step of 2.00 
seconds. If the material was pure enough that no second phase peaks could be observed in 
the diffraction pattern, laboratory work was continued on the rest of the sample. 
1.4.2.2 Powder diffraction analysis 
Powder diffraction patterns were also acquired. Using the same section of a sample used for 
the bulk diffraction analysis, a steel file was utilized to make powder. This powder was 
wrapped in tantalum foil and sealed inside Pyrex tubing with an yttrium or cerium 'getter' 
material and was backfilled with helium to a pressure slightly below one atmosphere. A heat 
treatment was then carried out in a tube furnace for 15 minutes. Powders of YMg and CeMg 
were heat treated at 450°C and 300°C, respectively. To analyze a powder sample, a glass 
slide was thinly coated with a silicone lubricant, and the powder was sprinkled onto the slide 
to form an even layer. After placing the glass slide onto a sample holder, the powder was 
placed into the diffractometer. These powder analyses used the same two-theta range and 
step interval as the bulk analyses, but the count time per step was increased to 4.00 seconds. 
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1.4.3 Tensile Testing 
1.4.3.1 Tensile specimen preparation 
Two different methods of making tensile specimens were employed for this research. The 
first method was to use electrical discharge machining (EDM) to make a specimen from the 
previously cut discs. For this technique, polishing and lapping wheels were used to polish 
the surfaces of the discs flat and parallel with 800-grit paper as the final polish. Once this 
was completed, the material was taken to the Ames Laboratory machine shop, where the 
tensile specimens were made using EDM. Other samples were cut from the material using a 
knee mill. For this process, the polishing and lapping wheels were again used to grind the 
material to a final polish with 800-grit paper. A knee mill was then used to cut the tensile 
specimens from the sample. To cut the tensile specimens, only 70-thousanths-of-an-inch of 
material was removed with each pass of the revolving bit. A CAD drawing used to fabricate 
the tensile specimens is shown in Fig. 1.20. 
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Fig. 1.20. CAD drawing of tensile specimen (all dimensions in mm). 
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1.4.3.2 Tensile testing 
To perform tensile tests, an Instron machine was used with an extensometer to collect the 
strain data. As seen in Fig. 1.21, rather than clipping onto a sample, the extensometer 
consisted of two blades that needed to be attached to the sample. To achieve this, Duco® 
Cement was applied to adhere the blades to the gauge length of the specimens. Also, due to 
the small size of the samples, unique grips were needed for securing the specimens during 
testing. A CAD drawing of the specially-designed grips is shown in Fig. 1.22. After the 
cement was set, the grips were attached to the Instron 
machine, and the sample was secured into place by 
applying a small amount of tensile force to the specimen. 
Using a strain rate of lCrV1 and a gauge length of 9.5mm, 
the extension rate was set to 0.0570mm per second, and the 
sample was pulled until failure. 
Figure 1.21. Blade extensometer. 
r • — T r 
i ^ O.CO-^ 
Fig. 1.22. CAD drawing of grip for tensile specimens. 
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1.4.4 Compression Testing 
1.4.4.1 Compression specimen preparation 
Akin to the preparation of tensile specimens, compression samples were made using two 
different methods. An YMg compression specimen was made using EDM, and it was cut to 
dimensions of 7mmx3mmx3mm. Compression samples of CeMg were prepared by cutting 
sample discs with a slow-speed saw into smaller portions which were then ground and 
polished to the proper dimensions. They were made to have dimensions of approximately 
9.5mmx4mmx4mm with a final polish using 800-grit paper. A second YMg sample was 
made in the same manner and had final dimensions of approximately 6mmx3mmx3mm. 
1.4.4.2 Compression testing 
Compression tests were conducted similarly to the tensile tests. The two YMg samples relied 
on the crosshead position to determine strain because they were not tall enough to use with 
the extensometer. For CeMg, the extensometer from Fig. 1.21 was fixed to a compression 
specimen. However, instead of Duco® Cement, this was achieved using Instant Krazy Glue®. 
Once the glue set, the sample was compressed until cracks began to propogate through the 
sample. Because the specimen heights were roughly equal to the gauge lengths of the tensile 
specimens, a compression rate equal to the tensile extension rate of 0.0570mm per second 
was employed. 
1.4.5 Hardness and Fracture Toughness Testing 
1.4.5.1 Hardness Testing 
A microhardness indenter was employed to determine the hardness of both YMg and CeMg. 
Again, a disc of each material was polished using 800-grit paper to ensure flat and parallel 
surfaces prior to testing. Using a load of 100g and a Vickers indenter tip, five indents were 
made into the surface of the sample nearby each other, and the hardness was measured by a 
software program. A few more indents were made in different areas of the sample to verify 
these results. 
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1.4.5.1 Fracture Toughness Testing 
The fracture toughness of these materials was to be measured using the Palmqvist Method, in 
which a Vickers indenter is used to indent a surface. If the applied load is greater than the 
critical threshold load, cracks will form at the corners of the indent. The crack length can 
then be used to calculate the fracture toughness of the material [36]. Using the 
microhardness indenter, loads of 200g, 300g, 500g, and 1000g were used to determine if and 
when cracking would occur. Some of these indents were imaged using an SEM. 
1.4.6 Thermal Gravimetric Analysis Measurements 
1.4.6.1 TGA sample preparation 
The preparation of TGA samples for measurement of oxidation kinetics began with polishing 
the disc surfaces parallel with a l^m diamond oil suspension. Discs of CeMg were taken to 
the machine shop, and samples were cut using EDM to dimensions of 4mmx6mm. A small 
hole 1mm in diameter was also cut for purposes of hanging the samples inside the TGA, 
although this ultimately was not done. TGA samples of YMg were made with approximately 
the same dimensions using lapping and polishing equipment. All six sides of all TGA 
samples were polished with a l^m diamond oil suspension and placed in acetone until tested. 
CeMg and YMg samples were approximately 1mm and ta in thickness, respectively. 
1.4.6.2 TGA measurements 
Prior to placing a sample in the TGA furnace, its dimensions were recorded using calipers, 
and the initial mass was determined. The sample was placed inside a sample pan so that 
minimal material was in contact with the pan, and it was then hung from the TGA balance. 
To begin the TGA run, the sample was heated from room temperature to the designated 
holding temperature at 5°C per minute in a nitrogen atmosphere. Once the holding 
temperature was reached, the atmosphere was changed to that of dry or breathing air flowing 
through the furnace at 25mL per minute. After the designated time at the holding 
temperature had passed, the furnace was turned off. The CeMg samples were held at 
temperature for 20-24 hours, while holding times for YMg samples ranged from 3-40 hours. 
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Chapter 2: Laboratory Efforts 
2.1 Material Preparation 
As discussed above, because of the high vapor pressure of magnesium, these RMg 
compounds could not be formed in an arc-melter as are other B2 intermetallic s currently 
being researched. To melt in an induction furnace, which is typically operated under high 
vacuum, the magnesium needed to be sealed inside of a pressurized container. Tantalum is 
often used for this purpose, so in the first efforts to make YMg, the pure metals were placed 
directly into the tantalum and melted in the furnace. 
Afterwards, a lathe was used to remove the tantalum from the intermetallic sample. 
However, it seemed that YMg was not as ductile as other RM B2 intermetallic s tested in 
previous studies [14-17]. During the machining process, large portions of the intermetallic 
material would break away from the sample, and visible cracks could be seen in the material 
that did remain intact. These first few attempts to make YMg were met with little success, 
because acquiring pieces of material that were large enough to obtain samples from was 
difficult. These first few batches were melted in tantalum that was either %-inch or 1-inch 
diameter tubing, and it was thought if a tantalum can with a larger diameter was used, larger 
chunks of material could possibly be obtained. However, few large pieces of material 
resulted from making a can with a VA-inch diameter. 
The next attempt was made on a different material - CeMg. Still melting directly into the 
tantalum can, the material showed the same cracking that had plagued the previous batches 
of YMg, and CeMg showed the same inability to remain intact during the lathing process. 
Based on this observation, it was believed that the cracking was due to shrinkage that 
occurred during the cooling processes. A new method for making these intermetallic s 
needed to be devised. 
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To confirm that the observed cracking was due to shrinkage effects upon cooling, the 
coefficient of thermal expansion (CTE) of each material was determined using thermal 
mechanical analysis (TMA), testing each material from room temperature to 350°C. The 
calculated CTE values for YMg and CeMg are shown 
in comparison to that for tantalum in Table 2.1. The 
CTE values for the two intermetallic s were found to be 
more than twice that of tantalum, and the samples were 
contracting to a much larger degree than was the tantalum during cooling. Because of the 
strong bonding that was occurring between the tantalum and the intermetallic materials, this 
was causing residual tension to build up in the intermetallic s until it caused them to crack. 
These results confirmed that to continue attempts at making YMg and CeMg in the induction 
furnace, the samples needed to be in contact with a material that (1) would not easily bond 
with them or (2) had a similar coefficient of thermal expansion. Stainless steel was 
considered as an option that would satisfy the CTE requirement, but it was felt that it would 
likely react with the liquid metals, particularly at the temperatures used for the YMg furnace 
runs. It was believed that melting in alumina may satisfy the need for a lack of bonding, and 
this proved to be true for CeMg, which showed negligible signs of bonding with the alumina 
crucible. This was not the case for YMg, however. The original furnace program for YMg 
used a maximum temperature of 1150°C, which is in the liquid portion of the phase diagram 
at the B2 composition. Lowering the maximum temperature to 950°C also resulted in little 
success, as the YMg continued to bond with the alumina and crack upon cooling. 
2.2 X-Ray Diffraction 
Bulk x-ray diffraction runs were performed on each new batch of material before doing 
anything else to ensure that it was the B2 intermetallic with no discernible second phase. A 
bulk x-ray pattern for CeMg is shown in Fig 2.1. Diffraction patterns of heat treated powders 
were done to sharpen peaks by removing any stresses created during cooling in the furnace, 
polishing of the bulk surface, and filing to make the powder. A powder sample also removes 
any preferred orientation effects. An YMg powder diffraction pattern is shown in Fig. 2.2. 
Table 2.1. CTE values. 
Material 
Ta 6.3 [38] 
YMg 14.2 
CeMg 15.2 
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Fig. 2.1. CeMg x-ray diffraction spectrum for bulk, as-cast material. 
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Fig. 2.2. YMg x-ray diffraction spectrum for heat treated powder. 
2.3 Work Hardening and Re crystallization 
2.3.1 As-Cast Grain Structure 
The as-cast grain structures of these intermetallic s consist of large elongated grains that are 
not ideal for measuring mechanical properties. This micro structure results from nucleation 
upon cooling occurring first along the tantalum or alumina walls. The subsequent grains 
grow in towards the center of the sample, resulting in columnar grains. An example of this 
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as-cast micro structure is shown in Fig. 2.3. The sample shown in this picture is a disc of 
CeMg that has been polished using 800-grit paper, resulting in a grain structure that is easily 
discernible. This particular sample was 
from a batch melted in an alumina crucible. 
The diameter of the disc is approximately 
25mm, and the widths of the grains are on 
the order of several millimeters. The more 
equiaxed-looking grains in the center of the 
disc are likely columnar grains that grew 
vertically from the bottom surface of the 
crucible. Although polishing was unable to 
reveal the micro structure in YMg samples, it 
is assumed that the grain size was similar to 
Fig. 2.3. As-cast grain structure of CeMg. j-hat of CeMg 
2.3.2 Work Hardening Attempts 
Mechanical properties of materials are typically determined using samples with sub-
millimeter equiaxed grain structures. To achieve this kind of micro structure in the YMg and 
CeMg samples, work hardening and recrystallization treatments needed to be performed. 
Multiple work hardening techniques were tried, but all of the samples cracked during 
deformation, so recrystallization heat treatments were not done. 
Other materials in this class of rare earth B2 intermetallic s that have been studied have 
shown the ability to be cold-worked by rolling, but based on the cracking of the YMg and 
CeMg samples, it was felt that these two 
intermetallic s were much too brittle to be / 
cold rolled. The first attempts at work ( { ( / \ \ 
hardening pieces of YMg therefore \ _/ 
employed hot rolling. Sections of material - s.s. 
from early samples were sealed inside Fig. 2.4. Illustration of hot rolling sleeve for YMg. 
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sleeves of tantalum and stainless steel, as illustrated in Fig. 2.4. Hot rolling was tried first at 
700°C and then 750°C, and the rollers were set to cause a 5% reduction in thickness with 
each pass. At both temperatures, the samples shattered immediately. The tantalum was not 
flush with the top and bottom surfaces of the YMg after sealing the sleeves shut, so it was 
assumed that the first pass between the rollers merely flattened the sleeve. During the second 
pass, however, a cracking sound akin to the shattering of glass could be heard as the sleeve 
passed through the rollers. After opening the sleeves, the samples came out cracked and in 
pieces, with some of the material amounting to nothing more than powder. 
After failing to hot roll samples of YMg, attempts to work harden CeMg samples were done 
using a variety of pressing techniques. These pieces of material were discs like that in Fig. 
2.3 that were several millimeters in thickness. First, a small powder press with fine control 
of the compressive load was utilized, but the press could not apply a large enough load to 
plastically deform the material. A large hydraulic press was then used, but the lack of control 
in the rate at which the compression was done led to the samples cracking apart. 
Subsequently, an Instron machine was used to compress a sample as well, but that also 
resulted in fracturing the sample before extensive work hardening could occur. Finally, a 
CeMg compression specimen was used in a recrystallization attempt that also failed and is 
discussed in further detail in the following chapter. 
2.4 Tensile Specimen Preparation 
Preparation of tensile specimens was also met with considerable difficulty. Although all 
tested tensile samples were made using EDM, not all efforts to EDM samples were 
successful. Several attempts to EDM tensile samples resulted in shattering the material. The 
EDM used to make these samples utilized water as the dielectric fluid, and it was feared that 
the presence of water was causing hydrogen pick-up during the cutting process due to the 
splitting of water molecules. Therefore, a second method of cutting these materials 
employing a knee mill with oil as the lubricant was attempted for the CeMg material. 
However, even with only 0.070 inches being removed with each pass of the bit, the discs all 
shattered before a tensile sample could be fully cut. 
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2.5 Tensile and Compression Testing 
The mechanical properties testing also went through a developmental progression before 
arriving at the final testing procedures. The first tensile tests were conducted without the use 
of an extensometer before it became clear that the crosshead data from the Instron machine 
were not accurate. The remaining tensile specimens were tested by attaching an 
extensometer to the samples with Duco® Cement, which was seen to require long setting 
times before testing could be carried out. Instant Krazy Glue® was subsequently tried on a 
CeMg compression sample, and this adhesive set much more quickly, required that less be 
used to secure the sample, and bonded more strongly to both the extensometer blades and the 
intermetallic specimens. This adhesive was therefore used for the remainder of the 
compression tests. 
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Chapter 3: Mechanical Properties 
3.1 Results 
3.1.1 YMg Tensile Testing 
3.1.1.1 Tensile Test 
One YMg tensile specimen was tested, and the resulting stress-strain curve is shown in Fig. 
3.1. The sample was made using EDM, and the strain data were collected from the crosshead 
readings on the Instron machine. 
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Fig. 3.1. YMg tensile curve with crosshead data. 
3.1.1.2 S EM Analysis 
The fracture surface of this tensile sample was viewed in an SEM. Figure 3.2 is an image 
showing one of the fracture surfaces in full, while Fig. 3.3 is a highly magnified view of a 
ductile region of the fracture surface. Both are secondary electron images. 
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Fig. 3.2. Fracture surface showing dimpled region in top right corner. 
2 0  k U  X 8 , 0 0 0  
Fig. 3.3. Magnified area of the dimpled region on the fracture surface. 
3.1.2 YMg Compression Testing 
3.1.2.1 Compression Test 
Two compression tests were also conducted on YMg, and the results are shown in Fig. 3.4. 
Sample #1 was made using EDM, and sample #2 was made using polishing equipment. An 
extensometer was not used with either sample, so the strain data are from the crosshead 
readings. Strain values calculated from caliper measurements are listed in Fig. 3.4 as well. 
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Fig. 3.4. YMg compression curves with crosshead data. 
3.1.2.2 S EM Analysis 
A high-angle backscattered electron image of a compression sample, obtained by detecting 
only backscattered electrons with the secondary electron detector, is shown in Fig. 3.5. 
Fig. 3.5. YMg compression sample (arrows denote compression axis). 
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3.1.3 CeMg Tensile Testing 
3.1.3.1 Tensile Tests 
The results of three CeMg 
tensile tests are shown in Fig. 
3.6 and Fig. 3.7. The plot in 
Fig. 3.6 was obtained using 
crosshead data, while the 
curves in Fig. 3.7 are from data 
collected by an extensometer 
that was fixed to the samples 
using Duco® Cement. The 
discontinuities in the stress in 
Fig. 3.6 are thought to be from 
slippage of the tensile sample 
inside the grips. 
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Fig. 3.6. CeMg tensile curve with crosshead data. 
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Fig. 3.7. CeMg tensile curves with extensometer data. 
0.0007 
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Figure 3.8 is a picture of a tensile sample while a test is in progress. The specially designed 
grips are shown in use, and an extensometer is seen fixed to the specimen. 
Fig. 3.8. Tensile test in progress using an extensometer. 
3.1.3.2 SEM Analysis 
Fracture surfaces from the three CeMg tensile specimens appeared very similar when imaged 
in an SEM. A secondary electron image of one of these samples is shown in Fig. 3.9. 
Fig. 3.9. CeMg fracture surface showing no ductile fracture region. 
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3.1.4 CeMg Compression Testing 
3.1.4.1 Compression Tests 
Four CeMg compression specimens were made using only polishing equipment, and three 
were made with approximately the same dimensions - 9.5mmx4mmx4mm. These three 
samples were subjected to a compressive stress until cracking began to occur, at which point 
the test was stopped. The fourth sample was made with dimensions of 1 Immx5mmx5mm 
for the purpose of compressing the sample to work hardening the material, performing a 
recrystallization heat treatment, re-polishing to dimensions similar to the first three 
specimens, and then redoing the compression test. Although the attempt to recrystallize the 
sample was not a success, the sample was re-polished and tested a second time. 
Because the height of the extensometer was greater than that of the samples, some 
improvising was needed. Hardened steel dies were placed between the compression plates 
and the specimens so that the extensometer would have enough clearance, shown in Fig. 
3.10. A closer view of one sample during testing is seen in Fig. 3.11. Figure 3.12 is a plot of 
compression curves from all four samples but does not include the post-recrystallization test. 
The pre- and post-recrystallization tests on the fourth sample are shown in Fig 3.13; unlike 
the other four, the post-recrystallization sample did not utilize an extensometer due to 
insufficient sample height. Total strain and Young's modulus values are listed in both plots. 
Fig. 3.10. Compression test in progress. 
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Fig. 3.11. Compression sample and extensometer during testing. 
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Fig. 3.12. CeMg compression curves. 
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Fig. 3.13. CeMg pre- and post-recrystallization compression curves. 
3.1.4.2 SEM Analysis 
All four compression specimens were examined in an SEM, and images of these samples are 
shown in Figs. 3.14-3.20. These pictures are all high-angle backscattered electron images 
that emphasize surface contours (i.e. slip lines). Compression axes are labeled with arrows. 
Fig. 3.14. Slip lines on CeMg compression sample #1. 
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Fig. 3.15. Slip lines on CeMg compression sample #2. 
Fig 3.16. Intersecting slip lines on 
CeMg compression sample #2. 
Fig. 3.17. Slip lines and fracture surface on CeMg sample #2. 
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Fig. 3.18. Intersecting slip lines on 
CeMg compression sample #3. 
Fig. 3.19. Slip lines and fracture surface on compression sample #3. 
Fig. 3.20. CeMg compression sample #4. 
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3.1.5 Hardness and Fracture Toughness Testing 
3.1.5.1 Hardness Measurements 
Vickers hardness values for five indents using a load of 100g are listed in Table 3.1 for both 
YMg and CeMg. The averages of these values are also shown. 
Table 3.1. Vickers hardness (VH) measurements. 
YMg CeMg 
229 106 
234 110 
235 107 
233 112 
237 110 
Average: 234 Average: 109 
3.1.5.2 Fracture Toughness Tests 
Neither intermetallic showed signs of cracking under loads of 100g, so loads of 200g, 300g, 
500g, and 1000g were tested in succession for each material. CeMg did not crack once, 
however, at 1000g, YMg showed signs of cracking for about half of the indents done at that 
load setting. Images of a few of these indents are shown in Figs. 3.21-3.23. 
X250 100  Mm 19 ,65 SE I 5 k U  
Fig. 3.21. 200g (left) and 300g (right) indents in CeMg. 
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Fig. 3.22. 1000g indent in YMg with no 
visible cracking. 
Fig. 3.23. 1000g indent in YMg with two visible cracks. 
3.2 Discussion 
3.2.1 Tensile Ductility 
The first RMg tensile test was on YMg, the result of which is shown in Fig. 3.1. This was 
the first tensile test performed for this study, and while a small load needs to be applied in 
order to secure these tensile specimens in the grips, too much force was applied to begin this 
test. Although this was corrected for in later testing, because of the high initial load (almost 
9ON), the elastic regime was almost completely missed, and no determination of the Young's 
modulus could be made. 
Even though Young's modulus could not be determined, other important information was 
gathered from this tensile test. First, according to the Instron crosshead data, as seen in Fig. 
3.1, the YMg sample underwent almost 4% strain before fracture. Although it is hard to 
obtain this kind of measurement manually after a sample has fractured into two separate 
pieces, based on caliper measurements, it seemed that the plastic deformation incurred by the 
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sample was closer to around 2%, or about half that measured by the crosshead. This 
disparity, together with that seen in other tensile tests of different B2 intermetallics being 
researched, led to the conclusion that a method of attaching an extensometer to the tensile 
samples should be investigated. 
Finally, the YMg tensile sample was viewed in an SEM, and while a majority of the fracture 
surface seen in Fig. 3.2 is characteristic of brittle cleavage failure, about one-fourth of the 
fracture surface did not have this same appearance. At higher magnification (Fig. 3.3), that 
portion of the fracture surface is clearly seen to have formed due to ductile failure, as evident 
by the characteristic dimpling of the surface. This small amount of ductility did not rival that 
of the RM B2 intermetallics previously studied [14], but the dimpled appearance of the 
surface was still a good sign. Unfortunately, as documented above, acquiring pieces of YMg 
that were big enough for a tensile sample 18mm in length to be machined from proved too 
difficult, and no more YMg tensile samples were made. 
Three CeMg tensile samples were tested, and like the YMg sample before them, they were 
made using EDM. One of these was tested using only the crosshead for recording data, but 
the other two had an extensometer fixed to them using Duco® Cement. Data for the sample 
that did not utilize the extensometer are shown in Fig. 3.6. While the curve appears almost 
serrated, these jumps are thought to simply be from the sample settling in the grips. After 
each skip in the stress level, the slope of the curve returned to the path it had been on prior to 
the skip in the data. Unlike the YMg sample, no plastic regime is observed in this CeMg 
stress-strain plot. Because all of the deformation incurred by this sample was elastic in 
nature, the crosshead-measured strain percentage could not be compared to manual 
measurements. However, the notion that an intermetallic material could undergo 4% elastic 
strain before reaching its yield point seemed very unusual, which led to an even stronger 
belief that an extensometer was needed due to highly inaccurate crosshead measurements. 
The results from the two CeMg tensile samples tested using the extensometer (Fig. 3.8) were 
also peculiar, as the slopes of the stress-strain curves (Fig. 3.7) were different by a factor of 
about ten. As seen in Fig. 2.3, the as-cast grain structure of this material consists of very 
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large grains, and depending on the number of grains and their crystal orientation with respect 
to the tensile axis, the Young's modulus would be expected to vary from sample to sample, 
but this ten-fold difference seems excessive. Although the accuracy of these results is in 
question, it is clear from all three CeMg samples that this material does not have any ductility 
in tension (Fig 3.9), while that of YMg seems extremely limited compared to that of other 
RM intermetallics. 
Based on these results and other observations encompassing other current research here at 
Ames Laboratory, it was hypothesized that the EDM process was possibly affecting the 
properties of these intermetallics. The EDM process used to make these samples utilizes 
water as the dielectric fluid, and the hypothesis was that during the process, water molecules 
were being split, thereby creating atomic hydrogen, which could be picked up by the sample. 
This could in turn cause hydrogen embrittlement of the samples. Although this premise is 
currently being researched as of the submission date of this thesis, there is no evidence that 
this is indeed occurring. The current conclusion is that these RMg materials simply lack 
ductility in tension. 
3.2.2 Compressive Ductility 
The compression tests for both materials gave vastly different results than those from the 
tensile tests. Two YMg compression samples were tested (Fig. 3.4); one was made using 
EDM, and the other was polished to its final dimensions. The extensometer used in this 
study had a distance between the blades of 8.1mm, and both YMg samples were not tall 
enough to utilize the extensometer. Based on the elastic data from the CeMg tensile sample 
in Fig. 3.6, one would expect the Young's moduli calculated from the crosshead readings to 
be very low, and those for the YMg compression samples certainly are that, although they are 
in reasonable agreement with each other. The YMg compression results plainly show a 
plastic deformation regime for both samples, and interestingly, the amounts of plastic strain 
measured by calipers and by the crosshead are in reasonable agreement with each other. 
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The yield points experienced by the YMg compression samples were very different, but they 
achieved very similar amounts of total strain. The sizable amount of plasticity experienced 
by the sample that was made by EDM would seem to be evidence against the hypothesis that 
the EDM process was causing hydrogen embrittlement of the samples. The non-EDM 
sample was examined in an SEM (Fig. 3.5), and even though no slip lines were visible, the 
sample clearly underwent plastic deformation. 
All four CeMg compression specimens were tall enough to utilize the extensometer, and the 
results from these tests (Fig. 3.12) were fairly reproducible. The extensometer only 
measured the strain that occurred between the blades, which were 8.1mm apart. The total 
strains listed in Fig. 3.12 are based on caliper readings, which measured the strain incurred 
over the entire length of each sample. Due to a calibration error in the extensometer during 
the compression of sample #1, the stress-strain curve as it is presented in Fig. 3.12 is a 
manipulation of the recorded data. This alteration is based on the ratio of the strains 
measured by the extensometer and by the calipers. For samples #2 and #3, these ratios were 
almost identical, and samples #l-#3 had almost identical lengths, so this ratio was used to 
approximate the data curve for #2. 
The large grain sizes combined with the small number of grains that would be present in each 
sample could easily affect the elastic modulus for a given test. Samples #1 and #4 were 
made with similar orientations with respect to the sample disc (Fig. 2.3), as were samples #2 
and #3. Given this information, the calculated Young's moduli were reasonably duplicated 
from one sample to the next. 
The first two samples, compressed past the beginnings of crack propagation, experienced 
strain percentages of over 13% and 12%, while sample #3 achieved over 19% compression 
before complete failure. Sample #4 was stopped with no visible cracking after 7% strain to 
try a recrystallization heat treatment, and although not a success, it was not completely 
useless. The sample experienced heavy cracking during the heat treatment, and even with 
these cracks present in the sample, it still underwent over 4% strain. 
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In the SEM images in Figs. 3.14-3.20, slip lines are clearly visible on the surfaces of all of 
these samples, even the recrystallized sample that experienced only 4% strain. In most areas 
where slip lines were visible, only one slip system appeared to be active. Given the 
extremely large grains present in these samples, it seems sensible that within a given grain, 
only one slip system would need to be active in order to plastically flow under the applied 
load. In a few areas (Figs. 3.16 and 3.18), two distinct slip systems are seen to be active. 
However, due to the inability to work harden and recrystallize these materials, it is unknown 
if they have the five independent slip systems required according to the von Mises criterion 
to plastically flow as polycrystalline materials. Unlike with CeMg, grain boundaries and slip 
lines could not be seen in YMg, but it is still assumed that the as-cast structure consisted of 
large grains. 
These results show that while unable to plastically deform in tension, they readily deformed 
in compression. The ability of a material to undergo 12-19% compressive strain while 
experiencing none in tension seems unusual, but it is not a completely unique observation. 
Another such intermetallic that experiences similar properties is a fellow B2 compound, 
AlRu. However, research done with this material has used a slightly off-stoichiometric 
material with boron additions [37]. 
3.2.3 Hardness and Fracture Toughness 
These two RMg materials were found to have very different hardness values. While CeMg 
had a hardness of only 109HV, YMg had a hardness of 234HV. These values seem 
reasonable, given that they are greater than those one would see for pure metals, but are in 
the range of hardness numbers attained by some metallic alloys and steels. The difference in 
hardness of these intermetallics could explain some of the behavior observed during 
mechanical testing. Although the yield point for the YMg compression sample made using 
EDM was very low, the yield point of the other sample was about 225MPa. The four CeMg 
samples all had yield points of around 125MPa, just over half that of the YMg sample. 
Higher hardness can be attributed to stronger bonding, as can higher yield strength. 
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These two materials did undergo substantial ductility while in compression, but due to the 
difficulty experienced in attempting to make these materials and make samples for testing, it 
was decided to obtain fracture toughness measurements for each. This was done using the 
same microhardness procedure used to determine the hardness of each material. The CeMg 
sample did not crack at all, even at a load of 1000g. However, the YMg sample did 
experience some cracking at this same load, but only in about half of the 1000g indents (Figs. 
3.22 and 3.23). A load of 1000g is the maximum load available for Vickers microhardness 
testing, and this would usually be a load value used when testing much harder materials (e.g. 
SiC) than these reasonably soft intermetallics. Due to both of these factors, a fracture 
toughness calculating for YMg was not performed. Also, for the Palmqvist Method, the 
elastic modulus is needed, and because only crosshead data was available for YMg, a more 
accurate Young's modulus would need to have been estimated. 
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Chapter 4: Oxidation Measurements 
4.1 Results 
4.1.1 CeMg Oxidation 
4.1.1.1 TGA Measurements 
Four oxidation samples of CeMg were made using EDM and were polished using a l^im 
diamond oil suspension. The approximate resulting dimensions were 5.5mmx3.5mmx 1 mm 
with a hole 1mm in diameter. Holding temperatures for these samples ranged from 200°C to 
300°C. The mass gain per unit of surface area is shown as a function of time for each sample 
in Fig. 4.1, and the oxidized samples are viewed together in Fig. 4.2. Finally, an XRD run of 
the TGA sample oxidized at 300°C was performed, and Fig. 4.3 contains the resulting 
spectrum. 
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Fig. 4.1. CeMg oxidation curves. 
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Fig. 4.2. CeMg TGA oxidation samples (from left to right: 200°C, 250°C, 270°C, and 300°C). 
CPS " 
230 J 
210 J 
190 J 
lioj 
150 J 
130 J 
110 J 
90 J 
20.0 24.0 28.0 32.0 36.0 40.0 44.0 48.0 52.0 56.0 60.0 64.0 68.0 12.0 16.0 80.0 84.0 80.8 
Fig. 4.3. XRD spectrum for CeMg oxidized at 300°C. 
4.1.1.2 Energy Dispersive Spectroscopy Analysis 
A single piece of CeMg was placed in a box furnace for the purpose of performing an energy 
dispersive spectroscopy analysis (EDS). The sample was polished in a similar manner as the 
TGA samples and had dimensions of approximately 5.5mmx3.5mmx0.5mm. It was placed 
in a box furnace at 400°C for about 30 minutes and continued at 350°C for 5 more hours. 
After polishing in order to reveal the cross section, the sample was examined in an SEM. 
The cross section of the sample is shown in the SEM image in Fig. 4.4. There are three 
distinct regions visible - the oxide, a dark-colored substrate area, and a light-colored 
substrate area. 
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Fig. 4.4. Cross section of CeMg sample oxidized in box furnace. 
Numerous energy dispersive spectra were acquired from different points on the cross section. 
One spectrum taken from the outer edge of the oxide layer is shown in Fig. 4.5, while Fig. 
4.6 shows one obtained from the oxide much closer to the remaining substrate. Those taken 
from the dark and light substrate regions are shown in Fig. 4.7 and Fig. 4.8, respectively. 
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Fig. 4.5. EDS spectrum of CeMg oxide layer near edge of sample. 
56 
Fig. 4.6. EDS spectrum of CeMg oxide layer near remaining substrate. 
Fig. 4.7. EDS spectrum of dark region of remaining CeMg substrate. 
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Fig. 4.8. EDS spectrum of light region of remaining CeMg substrate. 
An EDS line spectrum was also acquired so that relative comparisons could be made between 
the different regions of the cross section. The line scan was performed along a horizontal 
line across the CeMg sample as oriented in Fig. 4.9. 
Fig. 4.9. Line scan location across oxidized CeMg sample. 
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The line scan was used to detect four elements - carbon, oxygen, magnesium, and cerium. 
The results of this scan are shown as individual spectra in Fig. 4.10, while Fig. 4.11 stacks 
the four spectra together, and Fig. 4.12 superimposes this combined spectrum onto the SEM 
image from Fig. 4.9. 
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Fig. 4.10. Individual line spectra for carbon, oxygen, magnesium, and cerium. 
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Fig. 4.12. Spectrum superimposed onto image. 
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4.1.2 YMg Oxidation 
4.1.2.1 TGA Measurements 
Four oxidation samples of YMg were ground and polished until the approximate dimensions 
of 5.5mmx3.5mmx0.5mm were attained. Holding temperatures for these samples ranged 
from 600°C to 900°C. The mass gain per unit of surface area is shown as a function of time 
for each sample in Fig. 4.13, and the oxidized samples are viewed together in Fig. 4.14. 
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Fig. 4.13. YMg oxidation curves. 
Fig. 4.14. YMg TGA oxidation samples (from left to right: 600°C, 700°C, 800°C, and 900°C). 
60 
4.1.2.2 XRD Analysis 
The oxidation of YMg was also studied using x-ray diffraction. YMg powder was oxidized 
at 700°C for varying times and analyzed to determine to phases present and the progression 
through which the material oxidizes. The pattern in Fig. 4.15 is for powder prior to heating, 
while the patterns in Figs. 4.16-4.18 were obtained at different junctures during the oxidation 
process. These results are the product of work performed by Yaroslav Mudryk. 
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Fig. 4.15. YMg diffraction pattern prior to oxidation at 700°C. 
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Fig. 4.16. YMg diffraction pattern after oxidation for 45 minutes at 700°C. 
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Fig. 4.17. YMg diffraction pattern after oxidation for 180 minutes at 700°C. 
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Fig. 4.18. YMg diffraction pattern after oxidation for 24 hours at 700°C. 
4.1.2.3 EDS Analysis 
A single piece of YMg was placed in a box furnace for the purpose of oxidizing it prior to 
performing an EDS analysis. The sample was polished similarly to the TGA samples to 
dimensions of approximately 
5.5mmx3.5mmx0.5mm. It was 
placed in a box furnace at 
900°C for 5.5 hours. A cross 
sectional view is shown in Fig. 
4.19, and the oxide layer is so 
thin that it is barely visible at 
this low-magnification SEM 
image. It was clear that not 
enough oxidation occurred for 
an EDS analysis to be useful. 
Fig. 4.19. Cross section of YMg sample oxidized in box furnace 
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4.2 Discussion 
4.2.1 CeMg Oxidation 
The CeMg oxidation curves in Fig. 4.1 show that the oxidation of the intermetallic is linear in 
nature. However, the oxidation curves for 200°C and 250°C show extremely limited weight 
gain. The physical appearance of the two samples (Fig. 4.2) oxidized at those temperatures 
correspond to these results, given that they still have a predominantly shiny surface with very 
little discoloration. The two samples oxidized at 270°C and 300°C have a yellowish oxide 
layer covering them, although the sample oxidized at 270°C is not coated uniformly. An 
x-ray pattern of the 300°C sample (Fig. 4.3) included all diffraction peaks associated with 
CeOz, although not all peaks were produced by this oxide. This non-protective oxide is 
known to be pale yellowish in color [39], and this structural analysis is in agreement with the 
observed linear oxidation behavior. 
The absence of any MgO peaks in the diffraction pattern in Fig. 4.3 conformed to the 
oxidation of NiAl and TiAl previously discussed [32-35] in which the aluminum was 
preferentially oxidized in both B2 phases. Maurice et al. [35] found that in TiAl, the base 
material changed to TigAl before the titanium began to oxidize simultaneously with the 
aluminum. If this same occurrence was taking place with CeMg, the material underneath the 
CeC>2 layer would have been transforming to CeMg3, the closest magnesium-rich phase to 
CeMg at the temperatures used in this study. Upon review, the diffraction peaks in Fig. 4.3 
not due to CeOz were determined to belong to CeMgg, confirming this theory. 
Comparing the oxidation curves in Fig. 4.1 with those from the studies by Love and Kleber 
[18], Loriers [26], and Cubicciotti [28], the oxidation of cerium occurs at much slower rates 
when combined with magnesium to form CeMg compared with the oxidation of pure cerium 
metal. In fact, when left in the atmosphere at room temperature, CeMg stays shiny 
indefinitely with only a slight discoloration occurring. When heated to 300°C, although 
oxidation of cerium does occur, the reaction could be considered as relatively tame given that 
Loriers [24] found that to be a near-catastrophic temperature for pure cerium. The CeMg 
samples were oxidized in air while Loriers conducted the experiments in pure oxygen, but 
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the difference in reactivity is still significant. Cubicciotti [28] reported that in oxygen at 
190°C, pure cerium gained approximately 7mg/cm2 after only one hour. The CeMg sample 
tested at 200°C in air gained approximately 0.7mg/cm2, one-tenth of that observed by 
Cubicciotti. 
Interestingly, Greene and Hodge [20], Loriers [26], and Cubicciotti [28] all report observing 
paralinear oxidation behavior, with Greene and Hodge observing this behavior as high as 
250°C. This behavior, determined by Loriers to be due to the initial oxidation forming Ce^Ch 
and then changing to the non-protective CeOz, was not observed in CeMg. It is possible that 
at 200°C and 250°C, the sesquioxide could not form due to the activation energy being 
unable to overcome the intermetallic bonding, and once 270°C and 300°C were reached, the 
dioxide reaction was able to occur right away, as observed by Greene and Hodge. 
The activation energy for the oxidation of cerium in CeMg was determined using the linear 
rate law mentioned earlier. The linear rate constant (ki) was determined for the oxidation 
curves at 250°C, 270°C, and 300°C to create three systems of two equations with two 
variables, c and Q. The solutions to these three systems of equations are shown in Table 4.1. 
For comparison, also shown in Table 4.1 are values for c and Q calculated in the same 
manner from data reported by Greene and Hodge [20]. 
Table 4.1. Values of c and Q for oxidation of cerium from CeMg and pure metal. 
B2 Intermetallic CeMg Pure Metallic Cerium 
Oxidation 
Temp. (°C) Q (%J 
Oxidation 
Temp. (°C) Q (%J 
250 and 270 2.64-10™ 153 200 and 250 53.7 53.1 
250 and 300 3.66-10* 134 200 and 300 211 58.5 
270 and 300 2.11 -10' 120 250 and 300 833 65.0 
When averaged, the activation energy for the oxidation of metallic cerium based on the study 
by Greene and Hodge is 58.9kJ/mol. Conversely, the activation energy for the oxidation of 
cerium from intermetallic CeMg is 136kJ/mol, almost 2.5 times that of pure cerium. This 
increase in the oxidation resistance of the rare earth element is vastly different from 
observations of the other rare earth B2 intermetallics currently being studied at Ames 
Laboratory, which slowly oxidize when left out at room temperature. 
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4.2.2 YMg Oxidation 
The oxidation curves for YMg plotted in Fig. 4.13 appear parabolic in nature. The observed 
oxidation resistance was similar to that observed in CeMg. The samples tested at the two 
lower temperatures (500°C and 600°C) showed very little weight gain, while those oxidized 
at the higher temperatures had substantially more oxygen gain and change in appearance 
(Fig. 14), despite the much shorter holding times. 
The x-ray patterns in Figs. 4.15-4.18 confirm that as observed with the oxidation of CeMg, 
oxygen preferentially reacts with the yttrium when oxidation begins. The rates at which the 
yttrium is oxidized when found in the B2 YMg compound are much slower than those 
reported by Love and Kleber [18], Carlson et al. [21], Haefling et al. [22], and Borchardt 
[23] for yttrium metal. All of these studies found yttrium metal to oxide parabolically due to 
the protective nature of the Y2O3 sesquioxide, but these studies showed much higher total 
weight gains. The study by Haefling et al. found that the oxidation of yttrium at 600°C and 
700°C leveled off at about 9mg/cm2 and llmg/cm2, respectively. Borchardt observed that 
yttrium oxidized at about 800°C gained almost 2mg/cm2 in 10 hours, while YMg held at 
800°C gained only 0.60mg/cm2 in 24 hours. This comparative resistance to oxidation was 
expected, due to the observation that, like CeMg, YMg can be left in the atmosphere at room 
temperature indefinitely without tarnishing at all. 
Using the parabolic rate law, the activation energy for the oxidation for yttrium in YMg was 
calculated in the same manner as done for CeMg. The parabolic rate constant (kp) was 
determined for the oxidation curves at 600°C, 700°C, and 800°C to create three systems of 
two equations with two variables, c and Q. The solutions to these three systems of equations 
are shown in Table 4.2. Greene and Hodge [20] only list one parabolic rate constant for 
yttrium, and that is at 700°C. Because two equations are needed to solve for two unknowns, 
this same analysis could not be completed. However, although the activation energies could 
not be compared, the 700°C parabolic rate constants were available for comparison and are 
listed in Table 4.3. 
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Table 4.2 Values c and Q for oxidation of YMg. 
B2 Intermetallic YMg 
Oxidation 
Temp. (°C) c h / t  ) ^ /cm • s J Q (%„,) 
600 and 700 0.371 103 
600 and 800 0.416 104 
700 and 800 0.466 105 
Table 4.3 Values of kD for YMg and Y. 
Parabolic Rate Constants, k„ 
/cm • s J 
Oxidation YMg Temp. (°C) Y 
700 1.10 10" 3.0 10" 
Although the activation energy of 104kJ/mol for the oxidation of yttrium from YMg cannot 
be compared to that for pure yttrium, the parabolic rate constant for pure yttrium at 700°C is 
almost 3000 times that for YMg. Again, this observed increase in the oxidation resistance of 
the rare earth element is vastly different from observations of other RM B2 intermetallics 
currently being studied at Ames Laboratory. In both CeMg and YMg, the non-rare earth 
component in magnesium, and based on these results, it would seem that the bonding 
experienced between the rare earth and magnesium atoms in these intermetallics is somehow 
significantly reducing the willingness of the rare earth to oxidize. This phenomenon does not 
seem to occur in other RM compounds being studied, including those that are yttrium-based. 
4.2.3 B2 Intermetallic Oxidation Behavior 
The EDS and XRD analyses of CeMg and YMg, respectively, were performed to examine 
the progression followed by the oxidation of these two B2 compounds. The EDS analysis of 
CeMg allowed for the oxidation process of bulk material under more standard conditions to 
be observed by analyzing a sample cross section. However, the powder diffraction analysis 
afforded the opportunity to study the progression of the oxidation and identify the phases 
present after varying amounts of time during the course of oxidation. 
The CeMg sample used for this study was originally placed in a box furnace at 400°C. After 
30 minutes, the progress of the oxidation was inspected, and the sample - originally a 
rectangular coupon - had slumped badly. The temperature was lowered to 350°C in an effort 
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to retain the shape of the sample for later analysis. The sample originally had a uniform 
thickness, and the non-uniform cross section observed in Fig. 4.4 may be due to this 
softening-induced change in shape or the preferential oxidation along a grain boundary. 
Point spectra were taken at different areas of the cross section. The spectrum obtained from 
the outer region of the oxide layer (Fig. 4.5) shows only cerium and oxygen present, 
verifying that initially, cerium is preferentially oxidized. The central region of the remaining 
base material - assumed to be all that remained of the B2 intermetallic - was seen in Fig. 4.8 
to provide reasonably high signals for both cerium and magnesium. However, the darker 
region of the substrate encircling the assumed B2 phase had a very high magnesium signal in 
the EDS spectrum that significantly overshadowed the cerium signal (Fig. 4.7). This is 
consistent with the oxide spectrum from Fig. 4.5, because as the cerium is preferentially 
oxidized, the underlying material would become magnesium-rich. Finally, analysis of an 
inner region of the oxide (Fig. 4.6) revealed the presence of magnesium, most likely due to 
the concurrent oxidation of magnesium and cerium. 
The EDS line scan in Figs. 4.10-4.12 allowed for easy comparisons between regions of the 
sample for each element, the most interesting of which is magnesium. The magnesium 
signal is confined to the inner area of the sample, due to the preferential oxidation of cerium. 
However, as noted above, there was magnesium present in part of the oxide layer. On the 
right half of the sample as shown in Fig. 4.9, between the dark-colored magnesium-rich area 
and the highly cracked and porous oxide, there is a solid lighter-colored band. This is the 
region from which the spectrum in Fig. 4.6 was taken. This area is clearly an oxide due to 
the oxygen presence, and the magnesium signal is very strong across that region. The 
oxidation of cerium alone clearly leads to a very porous and non-protective oxide, but the 
apparent joint oxidation of magnesium and cerium creates a solid oxide layer. Also of note is 
that within the magnesium-rich phase, two distinct magnesium signal levels are present. It 
would appear from this observation that the underlying material may progress to a second 
magnesium-rich phase. Although the magnesium had clearly begun to oxidize in this 
sample, the cerium oxidation rate may have been greater than that of the magnesium to an 
extent that the CeMg] material transformed to CesMg^, although this is pure speculation. 
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The x-ray analysis of YMg powder oxidized at 700°C showed an analogous oxidation 
progression to that of CeMg ascertained from the EDS analysis. The pattern in Fig. 4.15 
shows a clean x-ray spectrum for the B2 phase. After 45 minutes at temperature (Fig. 4.16), 
some of the B2 structure has converted to YMg2, which is the closest magnesium-rich phase 
to YMg in this system. While the peaks for Y2O3 are already well established, diffraction 
peaks for MgO are almost completely absent. Figure 4.17 shows that after 180 minutes, the 
B2 phase is no longer present and has been replaced fully by YMg2, and both oxides are now 
clearly present. Finally, after 24 hours (Fig. 4.18), nothing remains but Y2Og and MgO. 
An EDS analysis of YMg was also planned, but it was not deemed possible due to the lack of 
oxidation that occurred on the sample to be analyzed. After 5.5 hours in a furnace at 900°C, 
the oxide layer was extremely thin (Fig. 4.19). The amount of yttrium that had been oxidized 
was clearly a very small percentage, and any phase change of the underlying material would 
have been minimal at best. The YMg invariant peritectic temperature is at 935°C, so 
increasing the oxidation temperature was not an option. The attempt to perform a bulk 
chemical analysis of YMg was therefore abandoned. 
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Chapter 5: Summary and Future Work 
The mechanical properties of these two RM B2 intermetallics were not found to be as 
attractive as those that have been previously studied. Although a small amount of plastic 
deformation was observed in the one YMg tensile sample that could be fabricated, it did not 
come close to rivaling that of other RM B2 compounds. In CeMg, no tensile ductility was 
observed at all. However, large amounts of compressive strain were observed in both 
materials, with one CeMg sample compressing all the way to 19% strain. This extensive 
compressive ductility did not prevent YMg from being extremely difficult to fabricate, nor 
did it help in multiple attempts to mill tensile samples of CeMg. 
Microhardness testing revealed that YMg had higher hardness that CeMg, which could be the 
cause for the higher observed yield strength in one of the YMg compression samples. The 
slightly smaller size of yttrium and its lack of any /-orbitals in its valance shell may be the 
cause for the bonding between yttrium and magnesium being stronger than that experienced 
between cerium and magnesium. 
Both CeMg and YMg demonstrated a resistance to oxidation first noted by the complete lack 
of tarnishing when left out indefinitely at room temperature. At temperatures sufficiently 
able to trigger oxidation and cause discernable weight gain, the rare earth metal in both B2 
intermetallics preferentially oxidized, causing the base material to transform to a magnesium-
rich phase. The rare earth oxidation at elevated temperatures continued to be at levels far 
below those of their pure metallic counterparts. The activation energy for the oxidation of 
cerium from CeMg was almost 2.5 times that for pure cerium, and the parabolic rate constant 
for the oxidation of yttrium from YMg was about 3000 times less than that for per yttrium at 
700°C. 
Structural and chemical analyses were also useful. Due to the lack of reactivity with oxygen 
at lower temperatures, the oxidation of CeMg was not seen to include an initial formation of 
the sesquioxide akin to that seen in pure cerium. The non-protective dioxide was observed to 
allow enough oxidation to occur at higher temperatures that after enough cerium had reacted, 
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the magnesium present in a bulk sample ultimately joined cerium in forming an oxide. This 
was not the case with YMg, however. The oxidation of pure yttrium leads to a protective 
sesquioxide, and at the decreased oxidation levels observed for YMg, so little oxidation 
would occur in a bulk sample that the same phase change progression seen in CeMg could 
not be observed, even at 900°C. Powder x-ray diffraction analysis did determine that the 
oxidation of YMg followed the same path as that of CeMg. The rare earth preferentially 
oxidizes initially while the underlying material forms a magnesium-rich phase. This is 
eventually followed by the joint oxidation of both metals, separately forming their 
characteristic oxides. 
Although probably only a dozen or so of these RM B2 intermetallics have been made by the 
current research group, these RMg compounds are the only ones observed to date that 
experience this drastic increase in the oxidation resistance of the rare earth metal. These are 
also the two compounds that have been observed to possess the least amount of ductility. 
While it appears that using magnesium as the non-rare earth component in these RM 
compounds has a detrimental effect on the ductility of the material, the bonding experienced 
by CeMg and YMg is beneficial for the oxidation resistance of these materials. The other 
RM intermetallics have utilized transition metals as the non-rare earth component, including 
copper, zinc, and silver. Although speculation, it seems possible that the use of magnesium, 
an alkaline earth metal, is the very source of the deviation of YMg and CeMg properties from 
those of RM compounds made with transition metals. Magnesium has no d-orbital electrons, 
which could alter the bonding experienced between the two elements in the intermetallic. 
This could cause the bonding energy between the rare earth and magnesium atoms to be 
greater than that experienced between the rare earth and transition metals. Further study of 
these RMg B2 compounds could center around this hypothesis. 
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